Cl, 1 H/ 2 H, and 15 N/ 14 N. These parameters have also been calculated as a function of the hydrogen position in the N···H···Cl fragment. Overall, the measured parameters are consistent with a structure in which the hydrogen is completely transferred to the nitrogen (i.e., N-H···Cl). The high hydrogen chemical shift (10.9 ppm by 2 H CP/MAS) and relatively small deuterium quadrupolar coupling constant (127 kHz) indicate a moderately strong N-H···Cl hydrogen bond. A pronounced deuterium isotope effect on the 35 Cl quadrupolar coupling constant is observed.
Introduction
Chemists have used many disparate techniques in their attempts to understand the hydrogen bond. 1 NMR spectroscopy has proven to be one of the most powerful of these methods. 2, 3 NMR spectra can be used to study the effects of hydrogen bonding by directly probing the nucleus of the donor or acceptor atom, or even the hydrogen itself. Information about the hydrogen bond comes from the measurement of the chemical shift, nuclear quadrupolar, dipolar or J-coupling interactions through lineshapes and nuclear spin relaxation times.
Solid trimethylammonium chloride (TMAC) is an excellent example of a system with an N-H···Cl hydrogen bond. TMAC offers several magnetic nuclei ( 15 N, 14 N, 1 H, 2 H, 37 Cl, and 35 Cl), which are part of the hydrogen bonding structure. Yet the only reported solid-state NMR work on this solid consists of two studies of the 15 N-1 H dipolar coupling. 4, 5 Fourier transform microwave experiments carried out by
Legon and Rego, 6,7 gave 14 N and 35/37 Cl quadrupolar coupling constants (C Q ) that were consistent with a significant proton transfer from chlorine to nitrogen in the gas phase. Also in line with this conclusion is the N···Cl stretching force constant, as obtained from the centrifugal force constant, D J . Subsequent quantum chemical calculations agree that the most stable species is the Me 3 NH + Cl -complex (see Fig. 1a ), with a somewhat elongated N-H bond length. 8, 9 At room temperature, solid TMAC exists as crystals in the monoclinic space group P2 1 /m, with one molecule per asymmetric unit (Z′ = 1, see Fig. 2 ). 10 . At 308 K, TMAC undergoes a phase transition to a tetragonal phase with space group P4/nmm (also Z′ = 1). 11, 12 Attempts to refine the structure in the tetragonal phase were only partially successful. 11, 12 In 1974, Huong and Schlaak examined the IR and Raman spectra of the series Me 3 NHX, where X = Cl, Br, or I, and noted that the N-H stretching frequency increased along this series, which is consistent with a decreasing hydrogen bond interaction. 13 Early proton second moment and T 1 studies, and more recent 13 C T 1 work, concentrated on the dynamics of the trimethylammonium cation. These show fast methyl and trimethyl reorientation at room temperature. [14] [15] [16] [17] The two NMR investigations that were most relevant to hydrogen bonding in solid TMAC measured the dipolar couplings between the 15 N-1 H and 15 N-2 H spin pairs. Roberts et al. used dipolarchemical shift 2D MAS experiments to obtain r( 15 N-1 H) = 1.075 Å. 4 Hoelger and Limbach obtained r( 15 N-1 H) = 1.090 and 1.096 Å from CP/static and CP/MAS spectra, respectively. They also obtained r( 15 N-2 H) = 1.080 and 1.083 Å from CP/static and CP/MAS spectra, respectively, of the deuterated sample. 5 These r values are all at least 0.06 Å longer than that expected for an isolated N-H bond (1.01 Å). 18 This could be due to slight wobbling motion of the cation and (or) vibrational averaging. It could also be due to N-H···Cl hydrogen bonding.
In this investigation we present the results of a combined multinuclear ( 15 N, 14 N, 1 H, 2 H, and 35 Cl) NMR and quantum chemical study of the N-H···Cl hydrogen bond in solid TMAC.
Experimental

Sample preparation
Trimethylamine hydrochloride was purchased from Aldrich. Trimethylamine-d 9 -hydrochloride was purchased from CDN isotopes with a reported isotopic purity of 99%. Trimethylamine hydrochloride-d 1 was prepared by evaporation from D 2 O. Due to the extremely hygroscopic nature of trimethylamine hydrochloride, samples were heated under vacuum for at least 12 h to remove any moisture. All samples were packed in 4.0 mm o.d. zirconia rotors in a glove box, under an atmosphere of nitrogen to ensure sample dryness. All experiments were performed within a few days of sample preparation.
NMR spectroscopy
Solid-state 35 Cl NMR spectra were obtained at two fields, 11.75 T (n L = 49.06 MHz) and 18.8 T (n L = 78.48 MHz). The 11.75 T experiments were performed on a Bruker Avance II spectrometer using a 4 mm Bruker HFX MAS probe. Experimental setup and pulse calibrations at 11.75 T were performed using solid NaCl, and 35 Cl spectra were referenced to the centreband of solid NaCl at 0 ppm. The chemical shift was then corrected to NaCl at infinite dilution by subtracting 45.37 ppm. 19 The nonselective, "solution p/2" pulse length determined using NaCl was 6.5 ms. The centraltransition selective, "solid p/2" pulse used was therefore 6.5 ms/(I + 1/2) = 3.25 ms. The static spectrum was collected using the p/2 -t -p/2 -t -ACQ echo pulse sequence with an interpulse delay of 100 ms. A recycle delay of 1 s was used, and signal averaging was carried out over about 80 000 scans. The high-temperature spectrum (330 K) was obtained using sample heating controlled by a Bruker BVT 3000. The 35 Cl experiment at 18.8 T was performed on a Bruker Avance spectrometer using a 4 mm Bruker HX MAS probe. Experimental set-up, pulse calibration, and referencing were done using solid NaCl, as above. The 35 Cl solid p/2 pulse was 4.15 ms and a recycle delay of 1 s was used.
The 1 H NMR spectrum was acquired at 11.75T (n L = 500.14 MHz) using a Bruker Avance II spectrometer and a wideline probe constructed to have minimal proton background. The 1 H spectrum was referenced to the residual proton signal in pure liquid CDCl 3 at 7.24 ppm. The static spectrum was obtained with a single pulse.
All 2 H NMR spectra were acquired at 11.75 T (n L = 76.78 MHz) using a Bruker Avance II spectrometer and a 4 mm Bruker HFX MAS probe. The magic angle was set by maximizing the number of rotational echoes in the 23 Na FID of solid NaNO 3 spinning at 5 kHz. Experimental setup and pulse calibrations were performed using solid (CD 3 ) 2 SO 2 , and 2 H spectra were referenced to (CD 3 ) 2 SO 2 at 2.77 ppm relative to TMS. The 2 H spectrum collected under stationary conditions used the p/2 -t -p/2 -t -ACQ echo pulse sequence with p/2 pulses of 3.6 ms and an interpulse delay of 20 ms. The recycle delay was 30 s, and 2000 scans were collected (total experimental time of ∼17 h). For the 2 H CP/MAS experiments, contact times of 10 ms were employed and 83 kHz proton decoupling was applied during acquisition. Recycle delays of 5 s were used and an average of 400 scans were collected (total experimental time of 34 min). The 14 N NMR spectrum was acquired at 21.1 T (n L = 65.02 MHz) using a Bruker Avance II console and a 7.0 mm HX static probe built in-house (National Ultra-High Field NMR Facility for Solids, Ottawa). The WURST-QCPMG pulse sequence 20, 21 was used with eight-step phase cycling and 50 ms WURST-80 pulses swept over a range of 1.0 MHz, resulting in an excitation bandwidth of approximately 850 kHz. The optimum RF power for the WURST pulses was experimentally determined as n 1 ≈ 30 kHz. Continuous-wave 1 H decoupling of n 2 ≈ 15 kHz power was applied for the duration of each scan. Solid NH 4 Cl was used as a reference and set to 0 ppm. The ultra-wideline spectrum was acquired in six pieces at transmitter offset frequencies of ±0.4, ±0.7, and ±1.0 MHz, with the WURST pulse sweep direction from low to high frequencies on the high frequency side and vice-versa. 22 For each piece, 32 echoes were acquired with 120 scans and a recycle delay of 10 s (total experiment time of 2 h). Transverse 14 N relaxation was observed to be relatively short compared with most crystalline organic molecules that we have previously studied, 23, 24 indicating the presence of dynamics, which can cause rapid transverse dephasing via modulation of either the EFG tensor 25 or heteronuclear dipolar couplings. 24 A variation of the proton decoupling power could in principle be used to identify the latter mechanism, 24 however due to experimental time contraints this was not attempted. A 15 N NMR spectrum was acquired at 11.75 T (n L = 50.70 MHz) using a Bruker Avance II spectrometer and a 4 mm Bruker HFX MAS probe. A RAMP cross-polarization pulse sequence was used with 5 kHz sample spinning, a contact time of 10 ms, 100 kHz proton decoupling, and a recycle delay of 2 s; 4000 scans were collected. The spectrum was referenced to the nitrate signal of solid 15 NH 4 15 NO 3, , which is at 4.4 ppm with respect to pure liquid nitromethane at 20°C.
Spectral processing and simulation
Data were processed using TopSpin software (with the exception of 14 N data). FIDs were left-shifted where necessary, apodized using an exponential function of 10-100 Hz for MAS samples or 100-6000 Hz for static samples, and Fourier-transformed. Baseline corrections were applied to all 2 H CP/MAS spectra and the 1 H static spectrum. Spectral simulations of 35 Cl, 1 H, and 2 H were performed using WSOL-IDS1 26 and the Solid Line Shape Guide within TOPSPIN 2.1. For 14 N, spectral processing was carried out using the NUTS software (Acorn NMR). QCPMG trains were split into individual echoes, which were co-added prior to Fourier transformation. Absorptive spectra were obtained via a magnitude calculation, and complete spectra were reconstructed from the individual pieces via co-addition. EFG parameters and the isotropic chemical shift were determined by manually fitting simulations to the experimental spectra using the DMFit software. 27 
Computational details
Potential energy curves, EFG tensors, and magnetic shielding tensors were calculated using Gaussian03 (G03). 28 Single-point energy calculations were performed (r(N-H) in trimethylamine hydrochloride was stepped from 1-1.8 Å) using Hartree-Fock (HF), density-functional theory (DFT) employing the hybrid B3LYP functional, and coupled cluster singles and doubles (CCSD) methods with an augmented Dunning basis set (aug-cc-pVtz). The single-point energy calculations were performed using the X-ray structure of trimethylamine hydrochloride. The X-ray structure does not include hydrogen positions, thus, protons were inserted manually and positions were optimized using the B3LYP/6-311++G** level of theory; the heavy-atom positions were kept fixed during this optimization. Optimization of the hydrogen positions in the N-H···Cl bond and the N···H-Cl bond were performed with the three methods used to generate the PE curves. For these optimizations, all of the atoms were frozen except for the hydrogen involved in the bond; the N-H···Cl angle was forced to be linear. These optimizations allowed for accurate determination of the energy difference between the two minima in each PE curve. EFG and magnetic shielding calculations were performed with the HF and DFT methods, using Popletype and Dunning-type basis sets. The gauge-including atomic orbitals method (GIAO) was used for calculating chemical shielding tensors. The EFG and magnetic shielding tensors contained in the G03 output files were analyzed using the EFGShield program. 29 Plane-wave DFT calculations were performed using the CASTEP software [30] [31] [32] [33] in the Materials Studio 4.3 software suite on an HP xw4400 Workstation with a single Intel Dual-Core 2.67 GHz processor and 8 GB DDR RAM. This software employs the gauge-including projector augmented wave algorithm (GIPAW). 30 Revised Perdew, Burke, and Ernzerhof (PBE) functionals were used with the generalized gradient approximation for the exchange-correlation energy. The plane-wave basis set cut-off was set to 300 eV and 16 k-points were sampled. Proton positions were inserted manually and optimized using a Broyden-Fletcher-GoldfarbShanno optimization algorithm, 34 with the lattice parameters and coordinates of all other atoms fixed. Ultrasoft 14 N pseudopotentials were used for the EFG calculations. 35 
Results and discussion
Potential energy curve
The calculated potential energy curves as a function of the N···H distance in solid TMAC are shown in Fig. 3 . All calculations were performed on isolated TMAC, with the exception of those employing CASTEP, which used the extended crystal structure. In all calculations the methyl groups, nitrogen atom, and chloride ion are held in positions corresponding to the solid state structure and the hydrogen position is varied while being kept colinear with the nitrogen and chloride atoms. The N···Cl distance in solid TMAC is 3.005 Å. 10 The N-H distances were varied, in steps of 0.05 Å, from that for a typical N-H bond length (1.0 Å) to that corresponding to complete transfer of the proton to the chlorine atom (1.7 Å). As one can see, the PE curve depends strongly on the method used in the calculation. Relative to structure 1a, the energies of structure 1c are 27.0 kJ/mol for HF/6-311++G(d,p), -2.9 kJ/mol for MP2/6-311++G(d,p), 5.3 kJ/ mol for B3LYP/6-311++G(d,p), and 8.3 kJ/mol for CC(SD)/ aug-cc-pvtz. Plane-wave calculations show no minimum corresponding to structure 1c. Each isolated molecule curve has a short N-H distance minimum, corresponding to structure 1a, and a long N-H distance minimum, corresponding to structure 1c. These distances are, respectively, 1.060/1.657 Å for HF/6-311++G(d,p), 1.144/1.615 Å for MP2/6-311++G (d,p), 1.144/1.561 Å for B3LYP/6-311++G(d,p), and 1.11/1.63 Å for CC(SD)/aug-cc-pvtz (estimated from curve). The plane-wave calculations yield a structure 1a minimum energy at 1.10 Å. In all cases the optimized short distance is longer than that obtained from an optimized structure of the isolated Me 3 NH + cation (1.02 ± 0.01 Å for all isolated TMAC calculations). This is consistent with the elongation of the N-H bond expected for an N-H···Cl hydrogen bond.
Chlorine spectra and calculations
The room temperature 35 Cl spectra of static samples of TMAC obtained at 11.75 and 18.8 T are shown in Fig. 4 . The combined results of the analyses of these spectra, to- gether with the 11.75 T spectrum at 330 K (see Fig. 5 ), are provided in Table 1 . The parameters obtained from the analyses of the 295 K spectra at two fields are in very good agreement. The point symmetry at chlorine in the room temperature phase is C 2v , and this is reflected in a k value that is significantly different from ±1. However the h Q value is still very close to 0. The shielding tensor is obviously more sensitive than the quadrupolar interaction to small deviations from C 3 symmetry due to crystallographic effects.
The phase above the transition is tetragonal, which imposes axial symmetry on the chlorine. Our simulations show that the spectrum is rather insensitive to the k value. We can simulate the spectrum at 330 K with k values of -0.75 to -1.0. Thus the k value and h Q values are within experimental error of -1 and 0, respectively, at 330 K. This is consistent with the crystallographic tetragonal symmetry and a chlorine site symmetry of C 3v . In addition to these changes, the Euler angle g changes from 230°/225°to 270°. Although a previous attempt at a complete structure refinement of the tetragonal phase at 340 K was not fully successful, an N···Cl distance of 2.972(9) Å was determined. 11, 12 This is 0.03(1) Å shorter than that in the monoclinic phase. Evidently, the small structural changes that occur during the phase transition result in minor changes in the chlorine quadrupolar interaction and more significant changes in the asymmetry of the shielding tensor.
It is of interest here to compare the optimized N-H distance, the 35 Cl C Q , and the chlorine shielding tensor for the monomer and extended lattice structures of solid TMAC. The optimized N-H distance in the monomer is 1.124 Å (B3LYP/6-311G) and is 1.080 Å for the extended lattice (CASTEP, using revised Purdew-Burke-Ernzerhof functionals). The C Q values for these structures are -14.9 and -9.6 MHz, respectively. In all cases the h Q was very close to zero. The calculated U, k values are 138 ppm, -0.94 and 113.5 ppm, 0.12, respectively.
There have been several 35/37 Cl NMR studies of solids with N-H···Cl interactions. 19, [35] [36] [37] [38] Our observed C Q and U values are consistent with these studies. Of particular interest are the results for quinuclidine hydrochloride, which is structurally similar to TMAC. Both the │C Q │value of 5.25 ± 0.02 MHz and the estimated U of 50 ± 30 ppm are very close to our values for TMAC. 19 Figures 6 and 7 show the computed dependence of the 35 Cl C Q and U values, respectively, as a function of the N-H distance in isolated TMAC (heavy atoms held at X-ray structure values). The best agreement with experiment is with the HF calculation where r(N-H) = 1.0 Å. These calculations show that the magnitude of the C Q values steadily decrease with decreasing distance and reach a value of about -6.0 MHz at 1.0 Å. This is reasonably close to our measured values, considering that the fast rotational motion of the methyl protons and the methyl groups are not taken into account in these calculations. The computed spans of the chlorine shielding tensor steadily increase with N-H distance, reaching a maximum in the 1.5-1.6 Å range. The computed spans are in best agreement with the experimental values at 1.0 Å but are still too large.
Although the CSA values we obtained have large errors associated with them, the fact that spectral analyses at two significantly different fields yield results that are in good agreement and compare favorably with previous work implies that our values are very reliable. 15 However, the U and k values we obtained from our spectra are not in very good agreement with the calculations mentioned above.
At this point it is worthwhile to briefly discuss the effect of proton transfer on the chlorine quadrupolar coupling constant in general. Gas phase 35 Cl C Q values are available for HCl (-67.6 MHz), H 3 N···HCl (-47.6 MHz), and TMAC, TMAC-d 1 (-21.6, -19.7 MHz). 6, 7 A comparison of these values with Fig. 6 indicates that the magnitude of C Q decreases as the proton is transferred from Cl to N. Our experimental value of ( ± )5.59 ± 0.03 MHz is indicative of complete proton transfer from Cl to N if one ignores intermolecular and crystal lattice contributions to the C Q in solid TMAC.
Isotope effect on the 35 Cl quadrupolar coupling constant
The 35 Cl spectra of TMAC and TMAC-d 1 are shown in Fig. 4 . Results of simulations of these spectra are provided in Table 1 . The 35 Cl C Q values for TMAC and TMAC-d 1 are clearly different, and the difference is easily outside the experimental error limits. This kind of isotope effect has been observed in the 35 Cl C Q values of TMAC as measured by gas phase microwave spectroscopy. 6, 7 In the gas phase, the C Q of the deuterated compound is 9% lower than that of the protonated compound. This is a rather significant shift in C Q . Our solid-state results show a 5% change, which is smaller but also quite significant.
An H vs. D isotope effect on the 35 Cl C Q values in a series of long chain n-C x H 2x-1 NH 3 Cl alkylammonium salts has been reported. These show an average 2% decrease in the 35 Cl C Q values on deuteration of all three N-H sites. 39 However, this effect, which is presumably attenuated by the rapid rotation of the NH 3 + groups, is not discussed in any detail. If the stretching potential of the N-H bond is anharmonic, deuteration will very slightly decrease the bond length. As can be seen from Fig. 6 , a decrease in r(N-H) should result in a decrease in the magnitude of the 35 Cl C Q value. This is indeed what is observed. The degree to which deuteration affects the 35 Cl C Q value will depend on the anharmonicity of the N-H stretching potential. This can be demonstrated by comparing the deuterium isotope effect in gas and solid phase TMAC. Since the C Q is much larger in the gas phase, it is likely that the N-H bond is slightly longer, with a concomitant increase in anharmonicity. The expected result is a much larger isotope effect on the 35 Cl C Q in gas phase TMAC, as is observed.
Deuterium spectra and calculations
The deuterium spectra of the N-D deuteron in TMAC are expected to be quite sensitive to the degree of N-D···Cl hydrogen bonding in solid TMAC. Figure 8 shows the deuterium quadrupolar echo spectrum of a static sample of TMAC-d 1 at 295 K. The C Q is 130 ± 5 kHz and the h Q is 0.03 ± 0.03. The S/N was too low, and the required relaxation delay was much too long, to obtain a series of temperaturedependent spectra in a reasonable time. Instead, CP/MAS spectra were obtained at temperatures of 320, 350, and 370 K. The CP/MAS spectrum at 370 K, together with a simulation, can be found in Fig. 9 . These spectra show a small component that increases in relative intensity with temperature (vide infra). It is of interest to note that the chemical shift C Q and h Q are essentially temperature-independent over this temperature range. For example, at 295 and at 370 K C Q , h Q , and d iso are 127 ± 6 kHz, 0.06 ± 0.05, and 10.9 ± 0.9 ppm and 126 ± 5 kHz, 0.05 ± 0.05, and 10.9 ± 1.0 ppm, respectively. If the deuteron was rapidly hopping between two sites with significantly different quadrupolar and shielding interactions, as would be implied by some of the potential energy curves in Fig. 3 , one would expect a measurable temperature dependence of C Q and d iso . Also, the fact that C Q and d iso are independent of temperature suggests that there is no temperature-dependent wobbling motion of the trimethylammonium cation. This is a frequently observed phenomenon, particularly in small spheroid molecules, which causes a reduction of the observed C Q with temperature. 40 The N-H distance dependence of the computed deuterium C Q values are shown in Fig. 10 . The HF, B3LYP, and plane-wave values match the experimental C Q at about 1.04 Å.
The 2 H CP/MAS spectrum at 370 K can be seen in Fig. 9 . This spectrum clearly shows a very small component with a lower chemical shift and much smaller C Q (see Fig. 9 inset) . At 370 K, C Q , h Q , and d iso for this component are 22 ± 1 kHz, 0.09 ± 0.05, and 2.9 ± 0.3 ppm. The relative intensity of the minor component increases with temperature, reaching a maximum relative intensity of 2% at 370 K. A plot of ln K versus 1/T yields a straight line with a slope corresponding to a DE of 16 kJ/mole. The appearance of the minor component can be interpreted as a result of the presence of a solid phase in which the Me 3 NH + cation is undergoing large amplitude precessional motion. A wobbling, precessional, motion of the Me 3 NH + cation would require a partial or complete breaking of the N-H···Cl hydrogen bond. In the absence of hydrogen bonding, amine proton chemical shifts are in the range of 0.5-5 ppm. 41 Our B3LYP/6-311++G(d,p) calculations on isolated Me 3 NH + give d iso = 3.1 ppm. The observed chemical shift of the minor component at 2.9 ppm is consistent with this situation. If the cation is precessing, the ratio of the C Q values for the two components yields an effective precessional angle of about 48°. Table 1 . Experimentally determined 35 Cl QC and CS NMR tensor parameters. It should also be noted that the variation in peak intensity may be due to variations in CP efficiency. However, if this were the case, the intensity would be expected to decrease with an increase in temperature as a larger amplitude wobbling motion should reduce the effective 1 H-2 H dipolar interactions.
It is only through the fortuitous coincidence of the minor component having a very different chemical shift and a much smaller C Q than the major component that we are able to see it in the 2 H CP/MAS spectrum. Unfortunately, the required S/N ratios in the 35 Cl, 14 N, and 15 N spectra are simply not achievable on our equipment with practical amounts of spectrometer time. The 2 H MAS spectrum of the methyl deuterated sample and the 13 C CP/MAS spectrum do not have the chemical shift resolution needed to observe a species with such a low relative concentration and such a small chemical shift difference from the major component. Although the 1 H spectrum has the sensitivity, it is not possible to observe such a relatively small resonance in the presence of two large and broad lineshapes, in addition to the significant proton background of the probe. The best chance of observing the minor component is via a 15 N CP/MAS spectrum of a 15 N enriched sample. However, such a sample is unavailable to us at this time.
Proton spectra and calculations
The proton spectra of a static sample of powdered TMAC-d 9 is shown in Fig. 11 . Nearly complete deuteration of the methyl group essentially eliminates any intramolecular protonproton dipolar coupling. The proton-deuteron dipolar coupling will be a factor of 6 smaller than proton-proton dipolar coupling, and rapid methyl and trimethyl rotation will reduce this coupling by a further factor of 9. As a result, any dipolar couplings will simply add to the broadening of the spectral lines. There are two dominant lineshapes: an intense featureless peak, which constitutes 23% of the total intensity and a broad lineshape corresponding to 77% of the total intensity.
The spectrum can be deconvoluted into a component at 3.5 ± 0.8 ppm with a large linewidth and a component at 9.0 ± 1.0 ppm with a span of 45 ± 1.5 ppm and skew of -0.88 ± 0.05 (CSA = 42 ppm and h = 0.13). We assign the 3.5 ppm component to residual protons on the methyl groups and the 9.0 ppm component to the N-H proton. The relative peak areas correspond to a residual concentration of methyl protons of about 3%, due to incomplete deuteration of the sample. A plot of the calculated span of the hydrogen CS tensor (skew = -1 in all calculations) as a function of N-H distance is depicted in Fig. 12 . The observed span is consistent with the isolated TMAC calculation for N-H distances ranging from 1.2-1.7 Å. The plane-wave calculations disagree with the observed span for all distances. The isotropic chemical shift, obtained from simulation of the proton spectrum, is nearly 2 ppm smaller than that obtained from the Fig. 9 . The deuterium CP/MAS spectrum of a sample of TMAC-d1 at 370 K with sample spinning rate of 5 kHz, together with a simulation using CQ = 126 kHz and hQ = 0.05 and diso = 10.9 ppm. Fig. 8 . The quadrupolar echo spectrum of a static sample of TMACd1 at 295 K, together with a simulation using CQ = 130 kHz and hQ = 0.03. Effects of CSA were not included in the simulation. The strong narrow peak at the center of the spectrum is due to traces of moisture in the sample (despite thorough drying). The lineshape is asymmetric due to an asymmetric distribution of points around the center of the echo. deuterium CP/MAS spectra. A primary isotope effect should move the chemical shift in the opposite direction. 42 The disagreement between the 2 H and 1 H spectra is likely due to the large error in the determination of the proton shift. Unfortunately, the severe proton background in our MAS probes made it impossible to obtain an analyzable MAS spectrum. Nitrogen spectra and calculations The 14 N powder pattern is shown in Fig. 14 . The outermost shoulders are somewhat hidden in the noise, but given the well-defined nature of the main discontinuities, it was unnecessary to obtain these features with a higher S/N, and this experimental spectrum allowed an iterative simulation to be made that resulted in the experimental parameters │C Q │= 1.50 ± 0.02 MHz, h Q = 0.02 ± 0.02, and d iso = -140 ± 50 ppm. CSA effects, predicted by CASTEP to be on the order of 10 ppm, were neglected in the simulation. The uncertainties were estimated visually from the quality of fit, and the very large uncertainty in the isotropic chemical shift arises from the very broad nature of the lineshape. The EFG parameters, which are measured very accurately by this technique, are in good agreement with DFT values calculated from the crystal structure using the CASTEP software. These calculations show that the 14 N C Q is very insensitive to r(N-H) in the 1.0-1.2 Å range. DFT calculations of C Q for the monomer are plotted as a function of N-H distance in Fig. 15 . It has been demonstrated that these parameters can generally be calculated from crystal structures with high accuracy if the crystal structure is well-defined and dynamics are absent. 23, 24 In this case, the lack of accurate proton positions and presence of dynamics will account for the discrepancy between the experimental and calculated values. The EFG tensor orientation predicted by CASTEP has the largest component of the tensor V 33 aligned with the N-H bond, as might be expected from the crystal structure. The most shielded component of the CSA tensor (d 33 ) is tipped away from V 33 by 74.5°.
The 15 N CP/MAS spectrum (see Supplementary data) yields a chemical shift of -335.7 ppm with respect to liquid CH 3 NO 2 . Based on simulations of the featureless static 15 N CP spectrum, the span of the CS tensor is too small to accurately measure, and we place the upper limit at 10 ppm. All of our calculations give U values below 10 ppm and show very little variation with r(N-H). Analyses of the dipolar 15 N spectra of TMAC and TMAC-d 1 at 2.1 T completely ignored the effects of CSA. 5 The calculated isotropic chemical shift is rather dependent on the method used and also shows very little variation with r(N-H). Fig. 11 . Plots of the proton spectrum of a static sample of TMAC-d9 (upper trace) together with simulations of the contributions to the lineshape of the N-H proton (red online, dark grey in print) and residual CH3 protons (blue online, light grey in print). The convolution of the two components are combined to yield the simulated lineshape. This is shown just below the experimental spectrum. The structure of TMAC An evolving aspect of NMR crystallography is the use of solid-state NMR spectroscopy to refine structures in crystalline solids. 43 In the case of solid crystalline TMAC this was not possible. Comparison of the measured and calculated shielding and quadrupolar parameters yield only qualitative agreement that solid TMAC exists in structure 1a. The best determination to date of the hydrogen position in TMAC has been done through the measurement of 15 N-1 H and 15 N-2 H dipolar interactions by Hoelger and Limbach. 5 It should be noted that these are the vibrationally averaged internuclear distances. This is evident from the slight shortening of the bond length, by about 0.01 Å upon deuteration, which is consistent with what is expected for a somewhat anharmonic potential. The numbers are in good agreement with our CA-STEP optimized value of 1.080 Å.
Conclusions
A multinuclear NMR and quantum chemical study of solid trimethylammonium chloride was undertaken to investigate the effects of N-H···Cl hydrogen bonding on the various observable NMR parameters. In addition, the effects of N-H internuclear distance were calculated using different quantum chemical methods.
Calculations of the energy profile, as a function of r(N-H), are highly dependent on the computational method used. Calculations also show that the shielding and quadrupolar interactions for 1/2 H and 35 Cl are very sensitive to the hydrogen position in the 1.0-1.2 Å range of r(N-H), whereas the 14 N C Q is much less dependent. Unfortunately, it was not possible to refine the hydrogen position based on comparisons of the calculated and observed NMR parameters, as has successfully been done for the bromine position in solid MgBr 2 by Widdifield and Bryce. 43 With the exception of the proton chemical shift anisotropy, the measured NMR parameters are consistent with a relatively short N-H bond (structure 1a). The high hydrogen chemical shift (10.9 ppm by 2 H CP/MAS) and relatively small deuterium quadrupolar coupling constant (127 kHz) indicate a moderately strong N-H···Cl hydrogen bond.
Our calculations show that the single molecule DFT and plane-wave DFT calculations are often in reasonably good agreement, the exceptions being the hydrogen span, the 14 N C Q , and to a lesser degree the 35 Cl span. In some cases there is better agreement between the computations and experiment in the r(N-H) range of 1.0-1.2 Å (the interval of most interest to this study) for single molecule DFT (e.g., chlorine span), and in some cases the agreement is better for the DFT plane-wave calculations ( 14 N and 35 Cl C Q values). For crystalline compounds, one would expect better agreement for the plane-wave DFT calculations. In the case of TMAC, any lack of agreement is likely due to molecular dynamics in the form of methyl and trimethyl reorientation together with uncertainty in the methyl C-H bond lengths. The latter effect can be mostly taken into account by using standard alkyl C-H bond lengths or by optimizing the methyl hydrogen positions for every calculation. The effects of the dynamics is more difficult to deal with since this effect would have to be weighted over the rotational potential energy functions for both methyl and trimethyl rotation.
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